Lpar3 encodes LPA 3 , the third G protein-coupled receptor for lysophosphatidic acid (LPA). Lpar3 À/À female mice had delayed embryo implantation. Their serum progesterone and estrogen levels were comparable with control on Gestation Day 3.5 (D3.5) at 1100 h. There was reduced cell proliferation in D3.5 and D4.5 Lpar3 À/À stroma. Progesterone receptor (PGR) disappeared from D4.5 Lpar3 +/+ uterine luminal epithelium (LE) but remained highly expressed in D4.5 Lpar3 À/À LE. Pgr and PGR-target genes but not estrogen receptor alpha (ERalpha [Esr1]) or ESR target genes, were upregulated in D4.5 Lpar3 À/À LE. It was hypothesized that suppression of PGR activity in LE could restore on-time uterine receptivity in Lpar3 À/À mice. A low dose of RU486 (5 lg/mouse) given on D3.5 at 900 h rescued delayed implantation in all pregnant Lpar3 À/À females and significantly increased number of implantation sites compared to vehicle-treated pregnant Lpar3 À/À females detected on D4.5. E2 (25 ng/mouse) had a similar effect as 5 lg RU486 on embryo implantation in Lpar3 À/À females. However, when the ovaries were removed on late D2.5 to create an experimentally induced delayed implantation model, 25 ng E2 activated implantation in Lpar3 +/+ but not Lpar3 À/À females detected on D4.5. These results demonstrate that deletion of Lpar3 leads to an increased ratio of progesterone signaling/estrogen signaling that can be optimized by low doses of RU486 or E2 to restore on-time implantation in Lpar3 À/À females.
INTRODUCTION
Embryo implantation is a mandatory step for the success of mammalian reproduction. It requires a synchrony between a competent embryo and a receptive uterus [1] . A receptive uterus is a hormonally controlled transient state during which the uterus can accept an embryo to implant. Defective uterine receptivity, including delayed uterine receptivity and nonreceptive endometrium, is the key maternal factor for implantation failure in both natural and assisted human reproduction and is a main cause of infertility and early pregnancy loss during or immediately after implantation [2] [3] [4] [5] [6] [7] .
Although a precise molecular signaling mechanism of how a uterus transforms into a receptive state is still largely undefined [8] , progesterone (P4) and estrogen (17b-estradiol [E2]) play critical roles in the establishment of uterine receptivity in both humans and rodents [1, 9] . P4 signaling is essential for the establishment of uterine receptivity in all mammals studied [10] . In humans, a luteinizing hormone surge from the pituitary induces ovulation (Day 0 [D0]), which is followed by secretions of both P4 and E2, which prepare a receptive uterus during D7 to D10. In mice, mating (D0) takes place in the early estrous stage and, meanwhile, ovulation occurs. P4 and E2 levels are low at post coitus. P4 level steadily increases from D2.5 and maintains a high level. There is a brief E2 surge on the morning of D3.5, and a receptive uterus is established but lasts only ;24 h in mice [1, 9] . Timely balanced levels of P4 and E2 are critical for the establishment of uterine receptivity.
The actions of P4 and E2 are mainly mediated through their respective nuclear receptors, progesterone receptor (PGR) and estrogen receptor a (ERa/ESR1) in the uterus, which have unique spatiotemporal expression patterns in the mouse uterus during early pregnancy. PGR expression increases significantly in the luminal epithelium (LE) from D0.5 to D1.5 of pregnancy (D0 is mating night). It is upregulated in both LE and stroma from D2.5 to D3.5 but disappears from LE and is highly expressed in the primary decidual zone at the implantation sites on D4.5 [11, 12] . Our detailed time course study demonstrates that PGR disappears from the LE after implantation has initiated and before the histologic decidualization manifests, which occurs a few hours after embryo attachment around D4.0 in mice [13] , suggesting an active role of continued PGR expression in the LE for the initial implantation process. The essential role of uterine epithelial PGR in embryo implantation has been demonstrated in uterine epithelial PGR conditional knockout mice [14] . Although the role of PGR in the LE could not be differentiated from that in the glandular epithelium (GE) because PGR is deleted in both LE and GE in this mouse model [14] , failed embryo attachment would imply a critical role of LE PGR in embryo implantation because LE is the first layer of cells that a competent embryo communicates with for implantation and PGR disappears from LE after embryo attachment [13, 14] . Uterine tissue recombinant studies show that the expression of PGR in LE can be downregulated by E2 [15] via stromal ESR1 [16] , the main ER in the uterus [11] ; and such downregulation of PGR in LE by E2 can be prevented by P4 via stromal PGR [17] . Loss of PGR in the uterine epithelium is associated with the establishment of uterine receptivity in all mammals examined [18, 19] , whereas sustained PGR expression in uterine epithelium during expected ''implantation window'' has been associated with defective uterine receptivity in both human and mouse [20] [21] [22] .
Previously we demonstrated that deletion of Lpar3 led to delayed embryo implantation due to delayed uterine receptivity in mice [23] . Lpar3 encodes the third G protein-coupled receptor for lysophosphatidic acid (LPA), LPA 3 . LPA 3 couples to the Gi and Gq downstream signaling pathways that can regulate cell proliferation, survival, and differentiation [24] [25] [26] .
Studies in Lpar3
À/À mice have demonstrated roles of LPA 3 in embryo implantation and spacing [23] , spermatogenesis [27] , and mediating immature dendritic cell chemotaxis to unsaturated LPA species [28] . In this study, we revealed sustained PGR expression in the Lpar3 À/À LE during the expected implantation window. Therefore, we hypothesized that suppression of PGR activity in LE could restore on-time uterine receptivity in Lpar3 À/À mice. RU486 (mifepristone), a wellcharacterized PGR antagonist and partial agonist [29] [30] [31] [32] , and E2, which downregulates PGR expression in the uterine epithelium [16] , were used to test this hypothesis.
MATERIALS AND METHODS

Animals
, and Lpar3 À/À mice (C57BL/6 and 129svj mixed background) were generated from a colony at the University of Georgia, which was originally derived from Dr. Jerold Chun's colony at the Scripps Research Institute [23] . They were genotyped as described [23] . Females at 2 to 4 mo old were used in the study. Because Lpar3 þ/À females were indistinguishable from Lpar3 þ/þ females [23] , both Lpar3 þ/À and Lpar3 þ/þ females were included in the control. Mice were housed in polypropylene cages with free access to regular food and water from sip tubes in a reverse osmosis system. The animal facility operates on a 12:L/12:D cycle (600 h to 1800 h) at 238C 6 18C with 30% to 50% relative humidity. All methods used in this study were approved by the University of Georgia Institutional Animal Care and Use Committee (IACUC) and conform to National Institutes of Health guidelines and public law.
Reagents
The following reagents were obtained as indicated in the parenthesis: TRIzol and Superscript III (Invitrogen, Carlsbad, CA); deoxynucleoside triphosphates (Biomiga, San Diego, CA); Taq DNA polymerase (Lucigen, Middleton, WI); E2 and P4 (Sigma-Aldrich, St. Louis, MO); Superfrost plus slides (Fisher Scientific, Pittsburgh, PA); power SYBR green PCR master and 384-well plates (Applied Biosystems, Carlsbad, CA); progesterone receptor antibody (code A0098; Dako, Denmark); estrogen receptor a antibody (code ab37438; Abcam, Cambridge, MA; and code sc-543; Santa Cruz Biotechnology, Dallas, TX); 5-bromo-2 0 -deoxyuridine (BrdU) antibody (code G3G4; Developmental Studies Hybridoma Bank, Iowa City, IA).
P4 and E2 Measurement
Blood was collected from anesthetized pregnant Lpar3 þ/þ and Lpar3 À/À mice (4 mice/group, mated with Lpar3 þ/þ stud males) by retro-orbital bleeding on D3.5 at ;1100 h. After clotting at 258C for 30 min, serum was collected and kept at À808C. Serum P4 and E2 concentrations were quantified using progesterone and estradiol enzyme immunoassay kits (Cayman Chemical, Ann Arbor, MI), respectively, following the manufacturer's protocol. Each sample was appropriately diluted to fall within the range of the standard curve and measured in triplicates.
Isolation of Uterine Luminal Epithelium
On D4.5 at ;1100 h, 3 pregnant control females (Lpar3 þ/À ) and 3 pregnant Lpar3 À/À females were euthanized by CO 2 inhalation. Pregnancy was confirmed by the presence of implantation sites using blue dye injection for control mice and the presence of healthy blastocysts in Lpar3 À/À uteri. Uterine horns were immediately dissected. One-third of a uterine horn from each mouse was flash-frozen on dry ice for gene expression study in the whole uterus. The remaining 1 and 2/3 uterine horns from each mouse were sliced open longitudinally along the mesometrial side. LE was isolated as previously reported [33, 34] and immediately processed for RNA isolation.
BrdU labeling
BrdU labeling was done as previously described [27, 35] .
RNA Isolation and Real-Time PCR
The LE pellet was used directly for total RNA isolation by using TRIzol reagent. The 1/3 uterine horn from each mouse not used for LE isolation above was powdered in liquid nitrogen with a mortar and pestle. Powdered samples were quickly and carefully transferred to TRIzol reagent for total RNA isolation following manufacture's instruction, except that each sample was extracted twice with chloroform. Total RNA was treated with RNase-free DNase I to remove trace DNA contamination, and RNA sample quality was examined on RNA gel. The concentration of RNA was determined using a NanoDrop cuvette free spectrophotometer (ThermoScientific, Columbia, SC). For realtime PCR, cDNA was transcribed from approximately 0.5 to 1.0 lg of total RNA using Superscript III reverse transcriptase with random primers. Realtime PCR reactions were performed in 384-well plates using Sybr-Green I intercalating dye on ABI 7900 (Applied Biosystems). The primer pairs were designed crossing introns in genomic DNA and ordered from Integrated DNA Technologies (Table 1) for the following genes: Pgr and PGR target genes Indian hedgehog (Ihh) and alcohol dehydrogenase 5 (Adh5); Esr1 and ESR target genes leukemia inhibitory factor (Lif) and complement component 3 (C3); as well as the two housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and hypoxanthine phosphoribosyltransferase 1 (Hprt1); n ¼ 3.
Immunohistochemistry
Frozen uterine horns from D3.5 Lpar3 þ/þ and Lpar3 À/À females were crosssectioned, and those from D4.5 Lpar3 þ/þ and Lpar3 À/À females or D4.5 RU486-treated Lpar3 À/À females were longitudinally sectioned (10 lm). Only the sections with embryo(s) from D4.5 uteri were used in the study. Immunohistochemistry (IHC) of uterine PGR or ESR1 expression was performed as previously described [13, 36, 37] . Negative control were processed in exactly the same way, except that the primary antibodies were replaced with rabbit immunoglobulin G.
In Situ Hybridization
Serial sections from vehicle or RU486-treated D4.5 Lpar3 À/À females were used for IHC of PGR (above) and in situ hybridization of Prss35, a decidual marker [38] , and Prap1, an LE marker highly upregulated upon embryo implantation [39] , as previously described [38, 39] .
RU486 or E2 Treatment
To rescue delayed implantation in Lpar3 À/À females, pregnant D3.5 Lpar3 À/À females (mated with Lpar3 þ/þ stud males) were injected subcutaneously (s.c.) with vehicle (100 ll of oil), RU486 (5 lg/mouse in 100 ll of oil [;0.2 mg/kg]), or E2 (25 ng/mouse in 100 ll of oil) at 900 h. Oil-injected mice and RU486-treated mice were randomly assigned to three groups each, dissected at D4.5, or D5.5, or left to give birth for determining gestation period and litter size. Mice in E2-treated group were dissected at D4.5. Implantation sites were visualized by intravenous (i.v.) injection of 200 ll of 1% Evans blue dye at D4.5 or D5.5, between 1100 and 1200 h, as previously described [23] , and pregnancy was revealed by visible implantation sites and/or healthy looking blastocysts flushed from the uterus. The uterine horns were flashfrozen on dry ice. At least 4 pregnant females were included in each group.
Experimentally Induced Delayed Implantation Model
An experimentally induced delayed implantation mouse model can be generated by ovariectomizing pregnant mice on D2.5 and maintaining delayed implantation by daily injection of 1 or 2 mg of P4, and embryo implantation can be achieved with an injection of 3 to 25 ng of E2 [40] . The lowest recommended dose of P4 (1 mg) and the highest recommended dose of E2 (25 ng) were used in this study. Young Lpar3 þ/þ and Lpar3 À/À female mice were mated with Lpar3 þ/þ stud males. On D2.5 at ;1800 h, the ovaries from each DIAO ET AL.
mouse were removed to create an experimentally induced delayed implantation model. Delayed implantation was maintained by s.c. injection of P4 (1 mg/ mouse in 100 ll oil) on D2.5 at 1800 h and D3.5 at 900 h. E2 (25 ng/mouse in 100 ll oil) was s.c. injected to P4 primed delayed implantation mice on D3.5 at 900 h. Implantation sites were detected in D4.5 mice using blue dye injection, and pregnancy status of mice without implantation sites was determined by the presence of blastocysts from uterine flush. Six to seven pregnant females were included in each group.
Histology
Fixed uterine horns sectioned (5 lm) longitudinally in order to increase the chance to obtain sections with embryo(s), especially from Lpar3 À/À uteri that did not show implantation sites on D4.5. Sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin.
Statistical Analyses
Statistical analyses were done using two-tail, unequal variance Student t tests. Significance level was set at a P value of ,0.05.
RESULTS
Normal Serum Progesterone and Estrogen Levels in D3.5 Lpar3
À/À Females Deletion of Lpar3 leads to delayed uterine receptivity in mice [23] . Because uterine receptivity is controlled by the ovarian hormones P4 and E2 in mice [1] , serum P4 and E2 levels in Lpar3 þ/þ and Lpar3 À/À females were determined at 1100 h on D3.5, a time point right after an E2 surge [1] . No significant differences in serum P4 levels (Fig. 1A) or E2 levels (Fig. 1B) were detected between D3.5 Lpar3 þ/þ and Lpar3
females, indicating no obvious endocrine defect in the Lpar3 À/À females that could be responsible for the implantation defects [23] .
Reduced Cell Proliferation in Lpar3
À/À Stroma BrdU labeling revealed rare LE cell proliferation in D3.5 and D4.5 Lpar3 þ/þ and Lpar3 À/À uteri. However, there was reduced stromal cell proliferation in the D3.5 and D4.5 Lpar3 À/À uteri, especially in the subepithelial areas (Fig. 2) .
Upregulation of PGR and PGR Targeting Genes in D4.5 Lpar3 À/À LE P4 and E2 signals are tightly regulated through their respective receptors PGR and ESR1, in the uterus. IHC did not reveal any obvious difference in PGR expression patterns between D3.5 Lpar3 þ/þ and Lpar3 À/À uteri (Fig. 3 , A and E). PGR disappeared from D4.5 Lpar3 þ/þ LE and was strongly expressed in the primary decidual zone (Fig. 3, B-D) . However, in D4.5 Lpar3 À/À uteri, PGR remained strongly expressed in LE (Fig. 3, F-H) . On D5.5, PGR was undetectable in the LE and highly expressed in the decidual zone in Lpar3 À/À uteri, as implantation had already occurred then (data not shown) [23] .
ESR1 is the main ER expressed in the uterus [11] . No obvious differences in ESR1 expression levels were observed between D3.5 Lpar3 þ/þ and Lpar3 À/À uteri (Fig. 3, I and M). On D4.5, the main difference was reduced ESR1 expression in the LE of Lpar3 þ/þ implantation site (Fig. 3 , J, K, N, and O), but ESR1 expression was not lower in the rest of the Lpar3 þ/þ LE at interimplantation site compared to that in Lpar3 À/À LE (Fig. 3, L and P) . ESR1 was highly expressed in both Lpar3
and Lpar3 À/À GE on D3.5 and D4.5 (Fig. 3, I -P). Quantification of D4.5 LE mRNA expression showed upregulation of Pgr (Fig. 3Q) , and PGR target genes such as Indian hedgehog (Ihh) (Fig. 3R) [41] and alcohol dehydrogenase 5 (Adh5) (Fig. 3S) [42] , but not Esr1 (Fig. 3T) , or ESR1 target genes such as leukemia inhibitory factor (Lif) (Fig. 3U ) [43] and complement factor 3 (C3) (Fig. 3V) [44] (Fig. 3 , Q and S) [42] . Correlated expression patterns of Ihh between LE and uterus reflected main uterine epithelial localization of Ihh (Fig. 3R ) [41] . Higher Lif expression in D4.5 Lpar3 À/À uterus but not in LE (Fig. 3U ) reflected delayed implantation because Lif expression peaks in GE prior to embryo implantation [45] . No significant differences were observed between control and Lpar3 À/À LE or uterus for the housekeeping gene Hprt1 (data not shown). These results indicate that PGR signaling is upregulated in D4.5 Lpar3 À/À LE at the transcriptional level.
RU486 AND E2 RESCUE
Lpar3 À/À DELAYED IMPLANTATION for Pgr and Adh5 due to their high expression levels in other uterine compartment(s)
lg of RU486 Restored On-Time Implantation in Lpar3
À/À
Females
Because there was higher PGR signaling in D4.5 Lpar3
À/À LE, we hypothesized that suppression of PGR signaling could restore on-time implantation in Lpar3 À/À females and tested this hypothesis using RU486. A low dose of 5 lg RU486 given on D3.5 at 900 h did not affect embryo implantation in Lpar3 þ/þ females (Fig. 4 , A and E) but restored on-time embryo implantation in all pregnant Lpar3 À/À females detected on D4.5 (Fig. 4, B, C 
, F, and G). In vehicle and RU486-injected Lpar3
À/À groups, the detectable implantation sites per uterus ranged from 0 to 2 (Fig. 4 , B, C, and P) and 3 to 6 (Fig.  4 , F, G, and P), respectively. All vehicle-injected Lpar3 À/À pregnant females (n ¼ 9) had delayed implantation whereas all RU486-injected Lpar3 À/À pregnant females (n ¼ 9) had on-time implantation detected on D4.5 (Fig. 4, B, C, F , G, and O), which was confirmed by histology and gene marker expression. Histology revealed that although an embryo had attached to LE in the implantation site in Figure 4C (vehicle-injected Lpar3 À/À uterus), decidualization had not started yet (Fig. 4D ), confirming delayed implantation [13] ; and decidualization had occurred in the implantation sites in Figure 4G (RU486-treated Lpar3 À/À uterus) (Fig. 4, H and H1 ). IHC indicated sustained PGR expression in the LE of vehicle-injected Lpar3 À/À uterus (Fig. 4I) but absence of PGR expression in the LE of RU486-treated uterus (Fig. 4L) . In situ hybridization of Prss35, a decidual marker [38] , and Prap1, an LE marker highly upregulated upon embryo implantation [39] , also confirmed restored on-time embryo implantation in the Lpar3 À/À uterus upon RU486 treatment (Fig. 4, J, K, M, and N) . However, this treatment failed to alleviate embryo crowding in the Lpar3 À/À uterus (Fig. 4, F and G) [23] .
The number of implantation sites in D5.5 vehicle-treated Lpar3 À/À group (N ¼ 4) was significantly higher than in D4.5 vehicle-treated group (n ¼ 9) but comparable to those in D4.5 (n ¼ 9) or D5.5 (n ¼ 6) RU486-treated Lpar3 À/À groups, supporting restoration of on-time implantation upon RU486 treatment. There was an average of 0.58 days reduction of gestation period in the RU486-treated group (20.21 6 0.30 days, n ¼ 7) compared to the vehicle-treated group (20.78 6 0.64 days, n ¼ 7, P ¼ 0.049). However, no significant difference on the litter size at birth was observed between these two groups (Fig. 4P ).
ng of E2 Restored On-Time Implantation in Lpar3
À/À Females A potential alternative approach to downregulate PGR expression in the uterine epithelium was E2 injection [16] . When D3.5 Lpar3 À/À mice were given E2 (25 ng/mouse), 4 of 5 pregnant females had on-time implantation (Fig. 5, A and B) confirmed by PGR expression pattern in LE and decidual zone (Fig. 5D ), and 1 female had delayed implantation (Fig. 5C ). E2 treatment restored on-time implantation and the number of implantation sites (Fig. 5, E and F) . However, like RU486 treatment (Fig. 4, F and G) , E2 treatment had no obvious effect on alleviating embryo crowding in Lpar3 À/À mice (Fig. 5, A  and B) . ESR1 antagonist ICI 182,780 (250 ng/kg) failed to rescue delayed implantation in Lpar3 À/À mice (data not shown). These results revealed an increased progesterone-toestrogen signaling ratio in the Lpar3 À/À uterus during preparation for embryo implantation.
ng of E2 Failed to Activate Embryo Implantation in an Experimentally Induced Lpar3
À/À Delayed Implantation Model
The unbalanced progesterone signaling and estrogen signaling in the Lpar3 À/À uterus was further demonstrated in an experimentally induced delayed implantation mouse model. In the control Lpar3 þ/þ group, all seven pregnant females showed embryo implantation upon E2 treatment (Fig. 6, A-C) . Six of them had on-time implantation with 5 to 9 implantation sites each (Fig. 6, A and B) ; and one had delayed implantation with 3 implantation sites (Fig. 6C) . In the Lpar3 À/À group, only 1 of 6 pregnant mice had one delayed implantation site (Fig.  6D) , and the remaining 5 had no detectable implantation site but hatched blastocysts (Fig. 6, E and F) . Both the implantation rate (Fig. 6G ) and the number of implantation sites (Fig. 6H) were significantly lower in the Lpar3 À/À group, further demonstrating an increased ratio of progesterone signaling/ estrogen signaling in the Lpar3 À/À uterus during embryo implantation. 
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DISCUSSION
The critical roles of ovarian hormone signaling in the uterine preparation for embryo implantation have been demonstrated in animal models and clinical situations. Ovarian hormone signaling can be disrupted in animal models via altered ligand levels, such as exogenous application of agonists/antagonists for PGR or ESR [36, 46, 47] or changed local endogenous ligand levels [48] , deletion of uterine PGR or ESR1 via global receptor deletion or uterine cell-specific deletion [14, [49] [50] [51] [52] , disruption of nuclear receptor coregulators [53] [54] [55] [56] , or PGR or ESR target genes [41, [57] [58] [59] , to adversely affect the optimal uterine preparation for embryo implantation. Disrupted ovarian hormone signaling can also lead to impaired uterine receptivity in clinical situations, such as endometriosis and polycystic ovary syndrome. Women with endometriosis have progesterone resistance, which is most likely caused by reduced responsiveness to progesterone signaling instead of reduced progesterone levels [60, 61] . Polycystic ovary syndrome patients have a hormone imbalance, which may be accompanied by progesterone resistance [61] [62] [63] . In addition, imbalanced ovarian hormone signaling, such as the premature progesterone rise in stimulated in vitro fertilization cycles, can 
RU486 AND E2 RESCUE Lpar3
À/À DELAYED IMPLANTATION lead to impaired endometrial receptivity thus low pregnancy rate [64] . This study demonstrates that the fine balance of progesterone signaling and estrogen signaling is disrupted in the Lpar3 À/À uterus and that this disrupted balance leads to delayed embryo implantation. Because the PGR antagonist RU486 and the ESR agonist E2, but not ESR antagonist ICI 182,780, can restore on-time implantation in the Lpar3 À/À uterus, it indicates that there is an increased ratio of progesterone signaling/estrogen signaling in the Lpar3 À/À uterus. It could not be distinguished if this is due to increased progesterone signaling or decreased estrogen signaling or both in Lpar3 À/À uterus. However, the data from delayed implantation model, in which 25 ng E2 activated embryo implantation À/À mice. N ¼ 9; * P , 0.05. P) Number of implantation sites at D4.5 or D5.5 and number of pups at Postnatal Day 0 (P0) in Lpar3 À/À vehicle control group and Lpar3 À/À RU486-treated group. n ¼ 4-9; #P , 0.05 compared to D4.5 in vehicle control group; *P , 0.05 compared to vehicle control group; error bar, standard deviation.
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þ/þ mice but not Lpar3 À/À mice, would suggest decreased estrogen signaling in the Lpar3 À/À uterus, although it could not rule out increased progesterone signaling. Interestingly, another study demonstrated that a small dose of ESR antagonist, ICI 182,780, could counteract the elevated ESR1 activity in the LE and restore embryo implantation in mice deficient of chicken ovalbumin upstream promoter-transcription factor II (COUP-TFII) [57] . Although it has not been explicitly demonstrated for the causes of the increased expression of PGR in the Lpar3 À/À LE (Fig. 3G) or increased expression of ESR1 in the PR Cre/þ COUP-TFII flox/flox LE [57] , for example, at the level of ligands that regulate receptor expression [16] and/or at the level of receptor expression without the involvement of altered ligand levels, both studies using a pharmacological approach further demonstrate the essential role of balanced progesterone signaling and estrogen signaling in establishing uterine receptivity. It remains unknown how LPA 3 -mediated signaling regulates the fine balance of progesterone signaling and estrogen signaling in the periimplantation uterus. Because serum P4 and E2 levels are comparable between D3.5 Lpar3 þ/þ and Lpar3 À/À mice and the levels of PGR and ESR1 expression are comparable between D3.5 Lpar3 þ/ þ endometrium and Lpar3 À/À endometrium, it is possible that the activities of the endometrial local P4-to-E2 ratio is increased and/or there is altered activities of coregulators leading to increased progesterone signaling/decreased estrogen signaling in the D3.5 Lpar3 À/À mice. LPA 3 is a membrane protein [23, 65] . PGR and ESR1 function mainly as nuclear receptors to mediate the effects of progesterone and estrogen in the uterus during embryo implantation, although they may also have nongenomic functions and progesterone and estrogen may also act through membrane receptors (reviewed in references [66] and [67] ). It is reasonable to speculate that there is no direct interactions between LPA 3 and PGR or ESR1, although uterine Lpar3 expression is upregulated by P4 and downregulated by E2 [33, 68] and both LPA 3 -mediated signaling and PGRmediated signaling can converge on MAPK [67, 69] . Considering the function of LPA 3 in mediating cell proliferation [70] , peak expression of Lpar3 in D3.5 LE [23] and reduced stromal cell proliferation in D3.5 Lpar3 À/À uterus, it is most likely that LPA 3 in LE has a paracrine effect on stromal cell proliferation prior to embryo implantation.
Studies in the endometria of patients with endometriosis suggest a potential role of LPA 3 in progesterone resistance associated with endometriosis. Microarray analysis of human endometrium (identifier GSE6364) indicates significant upregulation of LPAR3 (EDG7) mRNA in normal early secretory phase endometrium (ESE) but such upregulation is abolished in ESE endometrium from patients with endometriosis [71] . LPA 3 protein levels are marginally downregulated in the ESE and significantly downregulated in the middle and later secretory phase endometrium from patient with endometriosis [72] . We have previously demonstrated that Lpar3 in LE is upregulated by P4 in the ovariectomized mouse uterus [33] . If the regulation of LPA 3 by P4 signaling in human endometrium is similar to that in the mouse endometrium, the decreased expression of LPAR3/LPA 3 in the endometrium of patients with endometriosis would indicate reduced progesterone À/À uteri. G) Implantation rate. n ¼ 6-7; *P , 0.05. E) Number of implantation sites. n ¼ 6-7; *P , 0.05; error bar ¼ standard deviation.
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À/À DELAYED IMPLANTATION signaling, which is consistent with the common belief that endometriosis is associated with attenuated progesterone responsiveness. RU486 and E2 can restore on-time implantation but not embryo spacing in Lpar3 À/À mice. There have been multiple mechanisms proposed for embryo spacing [73, 74] . Our previous studies of cyclooxygenase-derived prostanoid signaling in Lpar3 À/À females revealed that implantation timing and embryo spacing were two segregated events and that factors involved in myometrial contraction and relaxation contributed to embryo spacing [23, 74, 75] . Although progesterone signaling and estrogen signaling have opposing effects on myometrial activities during pregnancy [76] and embryo spacing in mice is a progressive event on D3.5 [75] , the RU486 and E2 treatment regimens used in this study do not affect the net effect of ovarian signaling in embryo spacing. Because embryo spacing is not restored, it is expected that embryo crowding is still present in the RU486 or E2-treated Lpar3 À/À females. Sustained embryo crowding would explain the comparable number of implantation sites in D4.5 RU486 or E2-treated Lpar3 À/À females with D5.5 untreated Lpar3 À/À females, which all have reduced numbers of implantation sites compared to that in D4.5 control females [23] . The molecular signaling mechanisms for LPA 3 in implantation timing and embryo spacing remain to be elucidated.
